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ABSTRACT.

The poloidal distribution of the halo current density on the top dump plate in JET can now be
measured thanks to anew set of Rogowskii coils. Although the interpretation of the measurements
isstill on-going, fromtheanalysisso far it can be concluded that, during upward events, the measured
current density isqualitatively consistent with the measured total poloidal current, the halo footprint
extends over most of the upper dump plate and the observed halo current pattern is consistent with
the measured heat flux.

1. INTRODUCTION

In the 2004-5 shutdown, 4 arrays of hal o current diagnostics|[1, 2, 3] have been installed behind the JET
upper dump platein octants 1 3 5 and 7 as part of the Halo Current Sensors (HCS) enhancement. Each
array comprises 1 to 2 Toroida Field (TF) pick up coils and up to 8 Rogowskii coils, behind each tile
representative of atoroidal row of tiles, along thewholepoloidal arc. Wherethefull complement of coils
isnot installed thisis because of limitationsin thein-vessdl cabling at the feedthrough.

This set of sensors, complementary to refined measurement systemsinstalled inother tokamaks
[4-7], providesinformation on the dynamics of halo currents away from the divertor more detailed
than that obtainable with the original TF pick-up coils (1 remaining at octant 3) and mushroom tiles
(initially two per octant) [8] and the halo diagnostics installed behind the Pmproved Upper Inner
Protection (IUIWP) in 2001 [9,10]. The IUIWP set comprises only 3 toroidal locations (octants 35
and 7), each equipped with just one large Rogowskii coil and one toroidal field pick up coil. The
present status of the halo current diagnostics in the top of the JET vessel is shown in Figure 1.

Initially all the HCS Rogowskii coils suffered from drift, especially when Neutral Beam (NB)
heating was applied and during disruptions. The drift has been attributed to charge collection in the
far scrape off layer. The problem has been addressed in the 2007 shutdown by installing protections
in front of the in-vessel cabling. Figure 2 shows the same Rogowskii coil (octant 3 position 5, i.e.
fifth row from the inboard) in a discharge before the 2007 shutdown (70723) and in two discharges
soon after (71346 and 71424). Before adding the cable covers, the signal did not come back to zero
at the end of the pul se, when the background field returnsto negligible values, suggesting the cause
of the drift was not magnetic. In particular the error was accumulated during the plasma phase and
at a higher rate if NB power was applied. In addition, at the disruption the signal showed a step
change which masked most of the tile collected current. Since the covers have been added, the
signal now returns to ~zero and there is no drift during plasma or NB phases. The step at the
disruption is greatly reduced, although changes difficult to reconcilable with magnetic pick-up
might still occur occasionally.

Whilethe signalsfrom octant 3 are now ready for hal o current mapping, those from octant 5 (the
only other location with a large number of connected Rogowskii coils) appear still affected by
cabling problems. Octant 1 and 7 have very few signals wired making them unsuitable for halo
current density mapping, but still useful for consistency checks with the signals in octant 3.



2. INTERPRETATION

The Rogowskii coils are intended to measure the current collected by individual dump plate tiles.
Thetypical dimension of thesetilesis asquare of side 100 mm. The expected current density isup
to 300kA/m? in extreme events and up to ~100kA/m? in normal planned Vertical Displacement
Events (VDE), which must be run at low plasma current to limit the vessel life consumption.
Therefore the current routinely collected is ~1kA. Given the limited space envelope to fit a coil
within adump platetile the cross section must be small (8.4mm times 5.4mm). In addition, to avoid
problems terminating the wires a 0.65mm diameter mineral insulated cable was used; this allowed
ardatively low packing density for thewinding. The combination of small crosssection and relatively
low packing factor resultsin alow global coefficient ~1.8 10~ VS/A, which trandlatesin to alow
typical average signal of approximately 30 mV, with an estimated peak of 100mV. Dueto unavoidable
inaccuracy in the winding process and additional small net areas of magnetic pick-up, the coil
system (coil and in-vessel wiring) also suffers from unintended magnetic pick-up in its output
voltage. In addition, the HCS wasinitially installed like all other magnetic systemsin JET, i.e. with
exposed braided cables between the in-vessel junction and the feedthrough. As discussed abovethe
charge collection and leakage in the cabling also contributed to the signal, and in a substantial
amount given the overall small contribution of thetile current. Once the drift caused by the charge
collection in the cabling had been addressed, the magnetic pick-up has been removed following the
usual magnetic compensation procedures. Magnetic pick-up typical of no-plasmaand slow plasma
transientsis removed, with an error <200A over the whole pulse.

As part of the process of validation of the observed dump plate tile currents, these have been
compared with other halo current measurements in their neighbourhood, as shown in Figure 3.
These comparisons show that the Rogowskii coil current timing is generally correct. However, the
signal can grow before halo current is detected elsewhere, for example in the mushroom tiles,
which being at a lower position should interact with the edge of the plasma before or at the same
time as the dump plate, at least in weakly shaped disruptions. This feature probably has to be
attributed to radial field pick-up beyond compensation, asthisis optimised for steady state conditions.
For example in atypical low triangularity disruption of a 2MA plasma up to 300A are measured
before the plasma is believed to have become limited on the dump plate when the plasma has
displaced ~0.3m, so an error of ~500 107° A/(Am); adlightly larger error appearsin disruptions of
high triangularity plasmas. This error is not removed in the following analysis.

In addition, the quality of the signals deteriorates after the thermal gquench, moredramatically in
disruptions of plasma with high energy content. This might be because the covers added in the
2007 shutdown are insufficient to screen high levels of charge fluxes.

The set of polaritiesused in thefollowing analysis of the octant 3 measurements has been defined
by testing different combinations on alarge set of VDEs and vertical disruptions, and selecting the
one that performs best. For two rows (6 and 8) a sign that survived all the types of disruptions
assessed could not be found. Therefore these two rows are not used: row 6 has been taken as the



average of rows 5 and 7, while row 8 has been removed.

Preliminary integral checks show that the measured halo current density is consistent with the
poloidal halo current measured by the TF pick up coils. For example, the time average, between
25.011 and 25.021 s, of the net halo current collected on the dump platein Pulse No: 74449 is530
kA, whilethe poloidal current measured at the inner TF pick up coil is 350kA. Taking into account
that (a) the dump plate is uneven, so with shallow field lines collection is enhanced where the tile
misalignment is larger, such as at the edge of aplate, like the location of the Rogowskii coils, (b)
the halo current is not necessarily toroidally uniform and (c) there might be an offset due to the
enhanced magnetic pick-up beyond that removed by the steady state magnetic compensation, these
two values are in relatively good agreement.

As part of the validation process the signal in octant 3 with signals from a corresponding tile
from octant 1 and 7 have been compared. The signalsin the 3 octants have overall similar behaviour,
but sometime rather different in afiner time scale. Figure 4 show the current collected inrow 1, 3
and 5inoctants 1, 3 and 7. Two features that recur in most comparisons are: (1) the amplitude of
row 3 in octant 3 tends to be larger than in the other octants and the difference seems to be mainly
linked to the magnetic pick-up during the plasma vertical displacement and (2) row 5 in octant 1
has systematically alarger step.

3. RESULTS

In the following the poloidal map of halo current on the dump plate is discussed in some detail for
three disruptions. These have been chosen as to represent a fairly varied range of disruption
typologies.

First of all two ohmic planned events are presented. The advantage of using ohmic eventsisthat
the Rogowskii coils are less affected by charge collection in the later stages and so steps in the
measurements appear later. The two events chosen are a high triangularity “abrupt” VDE (Pulse
No: 72914, shown in figure 5) and alow triangularity “gentle” VDE (Pulse No: 74449, shown in
figure 6). The type of VDE does not seem to affect the quality of the data, from this point of view
the choicewas guided by availability. An*abrupt” VDE isobtained by applying alarge biasvoltage
to the radial field for 10ms and then clamping the voltage to zero. A “gentle” VDE is obtained
applying a smaller voltage for a shorter time and by letting the control system try to recover the
plasma after the kick.

In the high triangularity event (Pulse No: 72914), the position of the plasma contact region on
thedump plateintheinitial stagesof the event (source centred at row 4 and sink in contact with row
1) isconsistent withthe EFIT reconstruction. Unfortunately, thelast converging EFI T reconstruction
isat 26.0165s, asthis code sufferswhen current isflowing in open flux tubes. Following the (modest)
thermal quench, the position of the outer region of plasma interaction with the dump plate moves
from row 4 to row 7, while the inner region falls off the inner side of the dump plate completely.
This behaviour is different from what would be expected, i.e. both regions move inboard, but
cannot be excluded. To validate this, plasma reconstruction robust to the flow of current in open



flux tube would be advantageous, and is planned.

Inthelow triangularity event (Pulse No: 74449), the position of the plasma contact region on the
dump plate remains constant through out, at least until some signal suffer from a step change. This
behaviour istypical of thelow triangularity eventsanalysed. Thelast converging EFIT reconstruction
isat 24.998s, before the plasma becomes limited on the dump plate.

Thelast event, Pulse No: 73124, shown in figure 7, is a high plasma stored energy planned low
triangularity VDE. The disadvantage is that the quality of the signals is poor after the thermal
guench. The advantage is that this offers the opportunity to compare halo current and heat load
deposition patterns. The reason for the need for high plasma stored energy is not only because the
heat |oads are smaller on the dump plate otherwise, but also because there is an uncertainty in the
trigger time of the Infra-Red (IR) cameradata collection, which can be significant on the disruption
time scale. The absolute time is more easily recovered if ELMs are present and can be used to
synchronise the IR data to the global pulse data. In order to have ELMs visible on the dump plate
(having the IR collection region being cropped so as to allow faster data sampling, suitable for a
disruption) the plasma had to be in a good H-mode before the vertical instability was initiated.
The halo current pattern on the dump plate during the initial stages of the Pulse No: 73124V DE s
similar to that of Pulse No: 74449, and in general to low triangularity events. The IR data collected
in this event have been processed as described in detail in [11]: the 2D temperature of the dump
plate contains features due to the geometrical layout, soitissimplified into atoroidally average 1D
poloidal temperature profile, which can be converted using THEODOR [12] into aheat load profile.
Figure 8 shows that both the halo current profile and the heal load profile peak between 200 mm
and 600mm. Even if the absolute peak is not at the same poloidal position, the agreement is
remarkable for two such different and independent methods of observing plasmawall interaction.
The peak halo current density is consistent with expectation, even if dightly high for the pre-
disruption plasma current. The design criteria applied for JET in-vessel componentsis 300KA/m?
over a1l m poloida arc for a6 MA disruption, while here ~160kA/m? are found for a 2.25MA
disruption. Thiscould be partly dueto part of the observed collected current being spurious magnetic
pick up and partly dueto the halo footprint extent being smaller than anticipated (but still large). If
this behaviour is substantiated, consideration will have to be given to updating the standard
assumptions used in stress analysis of proposed in-vessel assemblies.

In Pulse No: 73124 the bolometric diagnostic was set up so as to avoid saturation during the
disruption. This allows tomographic reconstruction of the radiation during the disruption and,
following a procedure described in more detail in [13], the estimate of radiation poloidal profiles
on the plasma facing components. Figure 9 contains a set of tomographic reconstructions and the
corresponding radiation poloidal profiles. The peak radiation movesfrom the outboard of the dump
plate, in the region of the mushroom tiles, to the centre of the dump plate between the thermal
guench and the peak of thetota radiation (26.0395 s) . Thisiscons stent with the expected diamagnetic
response of the plasma (inward jump) and the variation between pre- and post- thermal quench



profiles observed by the IR. Further dump plate specific analysisincluding absolute power density
will help the interpretation of the IR data. In addition, also the ohmic high triangularity event
discussed above has suitable bolometry data and should be analysed in conjunction with the
equilibrium reconstructions with current flow in open flux tubes when these are available.

SUMMARY AND CONCLUSIONS
In-vessel Rogowskii coilswith adequate sensitivity and signal to noise for halo measurements are
very challenging in the JET environment. Neverthel ess detailed measurements of the distribution
of the halo current have been possible, and the following conclusions can be drawn:

» The halo footprint extends over most of the dump plate during upward events.

» The measured current density is consistent with the measured total poloidal current.

» Theobserved halo currents flow through the same region of the dump plates as the heat flux

measured by the IR camera at the thermal quench for upward VDEs.

The new data broadly confirms the extrapolations made on the halo measurements previously
available at JET. Some features such the width of the halo region (from the measured footprint
extent) and the location of the halo-wall contact region during a disruption will benefit from
equilibrium reconstruction able to deal with current flow along open field lines.
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Figure 1. Schematic summarising the layout of the halo current diagnostics in the top of the JET vessal.(1992): one
TF pick-up coil behind the centre of the dump plate (oct 3) and two mushroomtiles (MT1 and MT2) shunts.
(2001) IUIWP: one TF pick-up coil and one large Rogowskii coil (oct. 3, 5, 7).
(2004) HCS. <2 TF pick-up coils and <8 Rogowskii coils (oct 1, 3, 5, 7).
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Figure 2: Raw signal of a Rogowskii coil before (Pulse No; 70723) and after (Pulse No's: 71346 and 71424) the 2007
repair which removed plasma and NB drift and step at the disruption.
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Figure 3: Overview of halo diagnostic observations for two typical ohmic vertical disruptions: (a) low triangularity
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at octant 3 during the VDE of Pulse No: 73124 (high
energy, high triangularity), together with the plasma
current and the poloidal halo current seen by the TF pick-
up coils at the inner and outer edge of the dump plate at
octant 3.

Figure 8: Power density (left axis) and halo current
density (right axis) poloidal distribution for Pulse No:
73124 at times before and after the thermal quench.
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